Abstract: Magnetic Resonance (MR) sensors are an area of increasing interest for the measurement and monitoring of material properties. There are two relaxation times associated with samples that can be measured with MR sensors: The spin-lattice and spin-spin relaxations. When developing new sensors, it is desirable to have a series of standards by which instruments can be assessed. The standard calibration materials available typically comprise different concentrations of Nickel Sulphate, which is carcinogenic and toxic. In this work, we report the use of solutions containing full fat milk powder as a safe and inexpensive material that shortens the longitudinal relaxation time of water over a wide range of values. We demonstrate that concentrations in distilled water from 5% W/V to 64% W/V give T1 values from 1.7 s down to 469 ms respectively in a 1.5T clinical MRI, while within an MR sensor, these times were from 1.6 s down to 431 ms. In addition, both systems have the same exponential coefficient (-0.022*concentration) that demonstrates the effectiveness of the NMR sensor in comparison to the clinical MRI.
Introduction
Sensors based on the measurement of Magnetic Resonance (MR) relaxation times have been increasing in popularity, due in part to developments in permanent magnet technology. Such sensors typically measure the spin-lattice (longitudinal) relaxation time T1, or the effective spin-spin (transverse) relaxation time T2 eff [1] [2] [3] . The molecular size, the physical and chemical environment of the nucleus, such as the viscosity of the solution affect the MR relaxation times, thus allowing determination of material properties. It is therefore important when developing such sensors, that there are a range of safe and repeatable reference samples to aid in calibration and testing. For the spin-spin relaxation times different viscosities of PDMS oil provide a suitable range of safe test materials [4, 5] . However, for the spin-lattice relaxation times, available options are not as safe to use and typically consist of different concentrations of Nickel Sulphate, which is carcinogenic and toxic or Copper Sulfate solutions [6, 7] .
It has been previously shown that the water self-diffusion in dairy products depends on the amount of the protein, lactose and fat in the sample which also affect the relaxation times [8, 9] . In this work, we report the use of solutions comprising of full fat milk powder as a safe and inexpensive material that can affect the longitudinal relaxation time over a wide range of values and give a set of samples which are easily replicated in any setting. We demonstrate that concentrations in distilled water from 5% W/V to 64% W/V produce a wide range of T1 values. We validate the range of T1 values on a 1.5 T clinical MRI system and MR Sensor.
Material and Methods

Sample Preparation
Full fat milk powder (NIDO, Nestle, Switzerland) and distilled water are all that is required to prepare the test samples. The milk powder was dissolved in distilled water at seven different concentrations (5%, 11%, 18%, 23%, 38%, 50% and 64% all W/V) within sample tubes and mixed thoroughly before the clinical MRI images were collected. The measurements made with the magnetic resonance sensor were collected using freshly prepared samples. Three of each sample were extracted and used to fill separate 5 mm glass, standard NMR tubes to collect average measurements for each concentration.
MRI Measurement
The first experiment demonstrates the suitability of the samples as a general T1 calibration sample, using a high field 1.5 T clinical MRI system (Magnetom Avanto, Siemens, Munich, Germany) to verify that full fat milk powder does indeed affect the spin-lattice relaxation time (T1). This took the form of the Acronym of Nottingham Trent University using selected wells of three 24 well plates. These were imaged using an inversion recovery pulse sequence with varying inversion times (100, 500, 750, 1000, 1250, 1500, 1750, 2000, 2250, 2500, 3000, 3500, 4000 and 4500) ms with a 5000 ms repetition time and coronal orientation. The spine coil was used in order to transmit and collect radiofrequency signals for these samples as they are inherently flat. The T1 values was extracted using in house Matlab software (Math Works®, Natick, USA) to produce a T1 map, encoding the value of T1 in the colour scale.
Magnetic Resonance Sensor Measurement
The Magnetic Resonance sensor used was a customized closed loop, iron yoke magnet shown in Figure 1 , generating a magnetic field of 308 mT, equivalent to a proton resonant frequency of 19.38 MHz. For the transmitting and receiving radio frequency signal, an RF coil, as part of a commercial NMR Probe (Part 514 606, Leybold Didactic GmbH, Huerth, Germany) is positioned over the two permanent magnets. This ensures a homogenous field in the sample region. The sample was placed inside the coil for signal detection. This coil was connected to Kea 2 spectrometer (Magritek, Wellington, New Zealand) through a standard series parallel tuning and matching circuit. The data was collected using Prospa (Version 3.22, Magritek, New Zealand). The experimental measurements were taken using a T1 inversion recovery sequence, using seventeen inter-experimental repetition times ranging from 25 ms to 6000 ms in non-uniform increments. The maximum delay time was set to 10000 ms which it is seven times the T1 value estimated by the clinical MRI. Eight Echoes with the shortest achievable echo time were summed to improve the signal to noise ratio.
The data collected using the Kea 2 were processed using an online program (MRI toolbox website, © 2011-13 Alan McMillan) [10] . The T1 values were extracted from the mono-exponential fit of the signal intensity against repetition times. 
Results and Discussion
The viscosity of a sample is well known to affect the T1 relaxation parameter. In this work we observe that as the viscosity increased, the spin lattice relaxation time values declined which is as expected. There is a relationship between the viscosity and the molecular size of the sample [10] . The sample is a full fat milk powder which involve protein, lactose and fat, where fat has a comparable molecular size as the protein. As these component increased in volume (by virtue of the concentration increase), the nucleus rotation will be slower and this causes a faster decay of the relaxation time [9, 11] . Figure 2 demonstrates the changes in the image contrast due to the changes in the inversion time (Ti) applied and the different milk concentration on each part of the letters (NTU) using the spine coil. Samples measured using clinical MRI shows decreasing T1 values as the concentration is increased as shown in Figure 3 with the following average T1 values (1.7 ± 6.7, 1.46 ± 19.6, 1.25 ± 37.89, 1.18 ± 27.8, 0.838 ± 33.59, 0.886 ± 8.29 and 0.469 ± 13) seconds for the weight/volume concentrations of ( 5, 11, 18, 23, 38, 50, 64) percent respectively. These concentrations were freshly prepared and measured using the customized NMR sensor. All the measurements were performed inside a bench top Faraday cage to reduce the external noise. The values of T1 were averaged from the individual measurements of three samples for each concentration. Figure 4 illustrates the relationship between the T1 values against the milk concentration. The T1 values that were generated were (1.65 ± 70.7, 1.32 ± 43.62, 1.11 ± 39, 0.939 ± 26.26, 0.724 ± 22.6, 0.539 ± 21.5 and 0.431 ± 5.34) second for the Weight/Volume concentrations of (5, 11, 18, 23, 38, 50, 64) percent respectively. The errors bars were taken from the standard deviation of these values, to show the repeatability from sample to sample. 
Conclusions
The different concentrations of full fat milk powder show an excellent relationship with the spinlattice relaxation time. Both the clinical MRI scanner and the MR sensor have the same exponential fitting coefficient that demonstrates well that full fat milk powder in distilled water is a safe, inexpensive material that can be used as a tool for MR sensor development. We recommend that freshly prepared sample should be used between 0 and 4 h to avoid the fluctuation in the T1 values due to the separation that can occur to avoid needing to add a stabilizer that could affect the relaxation times. The ease of preparation, low cost and availability of the material are ideal for such a system.
